Currently there exists no generally accepted reference technique to measure the ventilation rate 12 through naturally ventilated (NV) vents. This has an impact on the reliability of airflow rate control 13 techniques and emission rate measurements in NV animal houses. As an attempt to address this issue a 14 NV test facility was built to develop new airflow rate measurement techniques for both side wall and 15 ridge vents. Three set-ups were used that differed in vent configuration, i.e. one cross ventilated set-up 16 and two ridge ventilated set-ups with different vent sizes. 17
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Introduction
28
In Europe, agriculture is considered to be responsible for the contribution of 93% and 18% of 29 ammonia and methane emissions, respectively [1] . The negative effects on the environment such as 30 acidification, eutrophication and ozone pollution have brought about international legislation [2, 3] . 31
In Flanders and the Netherlands the quantity of this contribution to pollution has an effect on the 32 authorisation to renew environmental permits. This entailed a large need for effective abatement 33 techniques with reliable and proven reduction potentials applicable in animal houses. For the 34 quantification of both the emission rates and reduction potentials accurate measuring techniques are 35
essential. 36
In general the emission rate of a gas is estimated by multiplying the ventilation rate by the pollutant's 37 concentration at the outlet opening (corrected for background) [4] . In mechanically ventilated animal 38 houses the ventilation rate is relatively easily determined by using e.g. free running impellers [5, 6] . 39
Furthermore, the outlet opening is fixed, delivering a clear and unchanging measuring location for the 40 gas concentrations. However, at European level virtually all dairy farms and a significant part of pig 41 houses are naturally ventilated. Determining the emission rate in such buildings is considerably more 42 complex as both the ventilation rate and the outlet locations are unknown or at least constantly 43 changing throughout time [7] . This variability is mainly due to the fluctuating outdoor conditions such 44 as wind direction, wind speed and temperature differences which result in a complex interaction 45 between wind and stack effect [8] . 46 Many different approaches exist to study the ventilation rate from naturally ventilated buildings, i.e. 
Hardware configurations
116
An automatic sensor frame developed and described in detail by Van Overbeke et al. [28] was used. 117
This frame was used to perform an automated traverse movement by a 3D ultrasonic anemometer or 118 3DS (Thies® 4.3830.22.300, Göttingen, Germany) across the in-or outlet area of a vent. The sensor 119 frame consisted of a connected horizontal (4.5 m) and vertical (0.7 m) linear guiding system. On top of 120 the vertical guiding system a 3DS was installed. The movement of the guiding systems and thereforeM A N U S C R I P T
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6 the sensor itself were driven by two PLC controlled servomotors. Air velocity data logged whilst the 122 sensor movement was carried out were not accounted for in further calculations. Two of these frames 123 were positioned on the inner walls of the test facility beneath Vents A and B (Fig. 1) . 124
In the experimental set-ups where the ridge was kept open (see 2.4), 8 2D ultrasonic anemometers or 125 2DS (Thies® 4.3820.02.300, Göttingen, Germany) were fixed inside the ridge. The positioning of 126 these sensors can be seen in Fig. 2 . Holes were cut in the purlins in order to house the sensors. 127
However, due to a lack of depth, the sensor heads were not located in the centre of the ridge but 2 cm 128 further away. This was the only feasible sensor set-up without causing larger flow disturbances in the 129 ridge. A calibration conducted by Deutsche WindGuard Wind Tunnel Services GmbH showed a 130 standard uncertainty of max. 0.05 m/s in a range of 0.557-5.470 m/s for both the 2DS and 3DS. 131
In order to acquire more detailed information on the cross-sectioned air velocity profile through the 132 ridge, 1D hotwire anemometers were used. A total of 9 hotwire anemometers were fixed across the 133 width of the ridge ( Shoreview, and remaining hotwires: E+E Elektronic®, EE66-VC5K1000, Germany, Engerwitsdorf). 135
According to the manual the 8455 hotwire has an accuracy of ± 2.0% of the reading or ± 0.5% of full 136 scale of selected range. The selected range was 0.0 -5.0 m/s. The EE66 model has an accuracy of ± 137 0.06m/s + 2 % of the measured value. All hotwire anemometers were recently calibrated. 138 A meteorological tower (meteomast) equipped with one 2DS at a height of 10 m was installed South-139
East of the test facility. All sensors were connected to a datalogger (dataTaker® DT85M, Australia) 140 through a serial interface (RS422). This allowed for a simultaneous readout of all sensors. The data 141 was collected at 50 Hz and 33 Hz for the 2DS and 3DS, respectively, and stored as 1s averages. The time it took to move the sensor to the next volume and start measuring was 2 s on average. For the ridge (Vent C) all measuring points were monitored simultaneously. Air velocity data at the 160 ridge was collected over the same time period in which the side vents were traversed 10 times. 2D 161 sensor number 7 was removed from the ridge due to software errors and could not be replaced during 162 further experiments. The in-or outlet areas related to sensors 6 and 8 were widened to fill this gap (see 163 An additional consideration had to be made in view of the calculation of the in-and outflow rates 177 through the ridge. As can be seen from Fig. 3 and Fig. 2C the area related to a velocity measurement 178 in the ridge is almost 6 times larger than that in the side vents. Therefore a different data processing 179 method was needed for the ridge. 180
When the velocity profile in a vent is known, the average velocity (V avg ) can be found and multiplied 181 by its related outlet area to obtain the airflow rate. However, only the velocity in the longitudinal 182 central axis (V c ) of the ridge was measured in this set-up. Assuming V c to be representative of the total 183 outflow area can lead to large inaccuracies of the airflow rate [6] . The ratio between V avg and V c is 184
represented by the pipe factor (PF = V avg / V c ). 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
airflow rates measured in both vents was in the range of (-1 ± 11)%. However, when in a vent the 201 average air velocity was lower than 0.05m/s or winds were parallel to the vents, the relative 202 measurement error increased. 203
With a wind incidence angle parallel to the vents, the vents acted partly as an inlet and partly as an 204 outlet [35] . Therefore, when the average airflow over the total vent area was taken, a result was found 205 close to zero, which yielded large relative errors. To account for these situations, the in-and outflow 206 rates through a vent should not be averaged, and for this reason, the data analysis procedure had to be 207 slightly modified. 208 According to the law of mass conservation, applied to an incompressible medium, the inflow rate 232 should equal the outflow rate. Therefore the relative measuring error (E q ) between Q in and Q out 233 (Formula 2) was used as a measure for the accuracy of the method. Throughout the experiments the 234 average value between Q in and Q out was taken as the reference (Q avg = (Q in + Q out )/2). The method was 235 considered to be sufficiently accurate when the E q remained under 20% under a large variety of 236 external wind conditions. This was based on studies, also using ultrasonic anemometer measurements 237 to measure the airflow rate, where the relative measurement errors between the in-and outfluxes 238 ranged from -34% to 37% [36] [37] [38] [39] . 239 
Imposed measurement conditions
Experimental conditions
264
In Fig. 4 an overview is given of the wind conditions for set-ups 1, 2 and 3. The distribution of the 265 wind incidence angles are given in the polar plots together with the relative and cumulative wind 266 speed frequencies. These parameters were measured at the meteomast and were based on the averages 267 taken from a total of 443, 833 and 710 airflow rate measurements in set-up 1, 2 and 3, respectively. 268
Because of the building orientation, the angle of 180° corresponds to the south-west direction. This 269 allowed a clearer representation of the wind incidence influences. In set-up 1, all directions except for 270 south-east incidence angles were covered (Fig. 4 A) . While, in set-ups 2 and 3, only a relatively 271 limited amount of data is coming from wind directions other than south to southwest. All 272 measurements were made between December 2014 and March 2015. The proposed measuring method 273 does not differentiate between the source of the airflow, i.e. originating from the stack or wind effect. 274
There were no heat sources in the test facility and the relatively large vents were permanently opened 275 to allow continuous renewal of the internal air volume. Therefore, the difference in temperature 276 between the in-and outdoor climate was assumed to be minimal. Hence, the influence of the stack 277 effect on the distribution of the flows through side-or ridge vents was not examined and all airflows 278 were attributed to the wind effect. In Table 1 the relative contributions of Vents A and B to the total in-or outflow rates, classified 294 amongst 4 ranges of wind incidence angles are shown. In the wind direction ranges of 135° to 225° 295 and 315° to 45° a relatively stable distribution is found. Higher percentages suggest fixed in-and 296 outlets in these situations. However, the distribution changes entirely in the ranges of 45° to 135° and 297 225° to 315°. These ranges contain wind directions parallel to the vents. The relative contribution to 298 the inflow rate ranging from 34 to 69% for both Vents A and B indicates that these vents acted 299 simultaneously as both in-and outlets. Nevertheless, even in these complex situations E q remained 300 between ± 20% (Fig. 5:A) , it can be stated that the measurement method and data analysis were 301 robust. In Fig. 6 :A the change in relative in-or outflow contribution as a function of the wind 302 incidence angle can be seen. From approximately 50° onward, the relative contributions begin to shift 303 drastically to become stable again at around 120°. The amount of data from these wind directions was 304 too low to see a clear start and end of this unstable region. However, the same trend is much clearer in 305 the range of 225° to 315°, due to the larger amount of measuring points. There, the range in which the 306 side vents shift from inlet to outlet and vice versa is approximately 250° to 300°. It must be noted that the large influence of the Z-components is partly attributable to the top and 341 bottom plane being of almost equal area as the front plane (see Fig.3 ). The larger the vent, the higher 342 the influence of the front plane will be compared to that of the top and bottom plane. 
Pipe factor 370
In order to establish a PF value of the ridge, a total of 186 velocity profiles were determined with 371 measurements carried out over a period of 4 days. In Table 2 the velocity profiles were subdivided into 372 8 centre speed ranges, i.e. the wind velocity measured by the hotwire anemometer at the centre of the 373 velocity profile in the ridge (Fig. 2:B) . In Table 2 it can be seen that an increasing centre speed 374 resulted in a slight decrease in PF. Linear regression analysis indicated a rather weak, but present, 375 correlation between the centre speed and the associated PF's (R²=0.42, P<0.001). In Fig. 8 , where 7 of 376 these velocity profiles are shown, it can be seen that higher centre speeds resulted in profiles with a 377 more "bullet shaped" profile. Such profiles suggest laminar flows, which are characterised by lower 378 PF values [34] . The lower centre speeds had a more homogenous distribution of the air velocity, and 379 suggest turbulent profiles with a higher PF value. Although the profiles were not symmetrical, the 380 centre speed mostly remained the highest value. 381
The wind incidence angle during the tests varied between 105° and 168° (N= 152) and between 284° 382 and 314° (N=22), however only the 105 -168° range was considered. Linear regression analysis 383 showed a relatively weak correlation between wind incidence angle and the associated PF's (R²=0.27, 384 P<0.001). Nevertheless, one may notice that larger variations in wind incidence angles might have a 385 significant effect on the shape of the velocity profile. 386
The ridge experiments indicated that the PF might be dependent on wind incidence angle and air 387 velocity in the ridge. However within the ranges of our measurements the correlations were weak. 388
Hence, under the conditions met here, the PF was considered to be constant. Based on the average 389 taken of all velocity profile measurements, a PF of 0.78 was withheld to calculate the airflow rates in 390 set-ups 2 and 3. 391 
402
Relative measurement error 403
Values of E q varied in the range of (8 ± 5)% for the measurements in set-up 2, successfully remaining 404 below the ± 20% limit for each separate wind incidence angle range (Fig. 5:B) . As this is in agreementM A N U S C R I P T
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22 to what was found in Set-up 1, the measurement method applied to the ridge was considered to be 406 effective. 407
Although in this set-up E q seems to reach lower values at wind incidence angles parallel to the vents, 408 it presented an increased variability, as compared to set-up 1. 409
In Fig. 6 :B the relative contributions to the total inflow and outflow are shown. For all wind directions 410 the contribution of the ridge to the inflow was nearly non-existent (0 ± 1) %. This means that the ridge 411 can be considered a full and permanent outlet, independent of the wind incidence angle. A wind tunnel 412 study by [42] ) showed that at wind incidence angles close to 270° or 90° part of the ridge opening 413 function fluctuated between in-and outlet. In present study it was assumed that the short length of the 414 test facility's ridge compared to those found in commercial animal houses diminished this effect. The 415 contribution of the ridge to the total outflow rate was relatively constant and therefore also 416 independent of the wind incidence angle. The outflow contribution of the ridge varied in the range of 417 (46 ± 7)%. Vents A and B showed a similar behaviour as in set-up 1 where the in-or outlet character 418 of the vents were determined by the wind incidence angle. Again the wind incidence ranges in which 419 the inlets completely changed into outlets and vice versa are 50° to 120° and 250° to 300°. At 420 approximately 90° and 270° there were cases in which both Vents A and B accounted for 50% of the 421 inflow rate. The closer the wind incidence angle was to 180° or 360°, the higher the contribution to the 422 inflow of Vent A or B, respectively. Fig. 6 :B is summarised in 4 ranges of 90°. 423 Table 3 where the data is classified amongst 4 ranges of 90°. 424 Table 3 In Table 4 and Fig. 6 : C it can be seen that the relative outflow rate contribution of the ridge was 20 to 429 30% higher than in set-up 2. This effectively increased the contribution of the measurement method of 430 the ridge on the relative measurement error. Values for E q of (-9 ± 7)% were found for the 431 measurements in set-up 3, again remaining under the 20% limit for all wind incidence range (Fig. 5 : 432 C). However, compared to Set-ups 1 and 2, a shift towards more negative values of Eq can be seen. In 433 the ranges 45°-75°, 75°-105° and 275°-315° the values of Eq average around -20%. Although it is to 434 be expected that in these ranges the measurement errors increase due to the more complex airflow 435 patterns, it is not clear why this particular set-up seems to increase this effect. To determine whether 436 the asymmetry of the side vent sizes was one of the influencing parameters, a more detailed view on 437 velocity profiles and related indoor airflow patterns is necessary. It cannot be determined whether 438
these negative values were due to an under-or overestimation of the inflow or outflow rate, 439 respectively. 440
It should be noticed that the increase in the ridge's relative outflow contribution was only expected in 441 situations where Vents A and B were full inlet and outlet, respectively. In such cases the outlet area 442 through Vent B was smaller than that of the ridge by a 3-fold. However, the increase in relative 443 outflow contribution seemed to be approximatelly constant over all wind directions, and was in the 444 range of (77 ± 7)%. Combined with the results found for set-up 2, it can be infered that the relative 445 outlet contribution of the ridge is independent from the wind incidence angle, but strongly dependent 446 on the side vents configuration. Experiments with more varied vent configurations should allow to 447 derive the relation between the ridge's relative outlet contribution and the vent configuration. 448
In the range of 315 -45°, it was expected that Vent A would be completely an outlet with a relative 449 inflow contribution of nearly 0%. However an inflow contribution of (20 ± 14)% was found (see Table  450 M A N U S C R I P T
24 approximatly 0 to 100% outlet contribution widened considerably towards 360° as compared to Fig.  452 6:A and B. This means that even with wind incidence angles near to 360°, there existed cases where 453 Vents A and B were still partially in-and outlet. These situations are more challenging for the 454 measurement method and could be a partial explanation for the lower calculated E q. This also suggests 455 that the wind incidence angles in which a side vent can be considered a full in-or outlet is dependent 456 on vent size configuration. Therefore, studies that rely on the assumption that a vent is a permanent 457 outlet, e.g. for emission rate measurements, should account for this effect. In such cases, special care 458 should be taken when the vent has a variable area, as when curtains are used. 459 Table 4 When side and ridge vents were fully opened, a relative measurement error between the building's 473 total in-and outflow rate of (8 ± 5)% was found, successfully remaining below the self-imposed limit 474 of 20%. 475
The relative contribution of a side vent to the building's total in-or outflow rate was dependent on the 476 wind incidence angle. The range of wind incidence angles in which side vents were completely in-or 477 outlet depended on the size of the vents. Outside these ranges, the vents gradually changed from outlet 478 into inlet or vice versa, as a function of wind incidence angle. 479
The ridge had no considerable contribution to the inflow rate and was considered as a full and 480 permanent outlet, independent of wind direction. Moreover, the relative contribution of the ridge to the 481 total outflow rate was relatively constant since a standard deviation of only 7% was found throughout 482 all measured wind incidence angles. However, measurements in 2 different set-ups showed that the 483 ridge's relative outflow contribution was dependent on the side vents configuration. 484
Due to the complexity of the measuring technique it is practically and economically unfeasible to 485 transfer the technique to a full size animal house. However, as the developed test facility is equipped 486 with a validated measuring technique, it can be used for comparison with new and existing airflow rate 487 measuring techniques for the use in naturally ventilated buildings. The design of these new techniques 488 should be focussed on the possible transfer to very large vent sizes such as those found in cattle 489 houses. Modelling is a possible way to reduce the complexity of the measuring technique. The test 490 facility can be used to develop, validate and test such models. Although these models will probably 491 not be directly transferable to other buildings, proving that certain modelling approaches work in the 492 test facility can provide useful information to guide the research on full scale animal houses. -An airflow rate measuring method for side vents and ridge was developed.
-The method was successfully validated through the law of mass conservation. -Experiments were conducted under a large range of wind incidence angles and speeds.
